Aggregation and spreading of α-Synuclein (αSyn) are hallmarks of several neurodegenerative diseases, thus monitoring human αSyn (hαSyn) in animal models or cell cultures is vital for the field. However, the detection of native hαSyn in such systems is challenging. We found that the nanobody NbSyn87, previously-described to bind hαSyn, also shows cross-reactivity for the proteasomal subunit Rpn10. As such, when the NbSyn87 is expressed in the absence of hαSyn, it is continuously degraded by the proteasome, while it is stabilized when it binds to hαSyn. Here, we exploited this feature to design a new Fluorescent Reporter for hαSyn (FluoReSyn) by coupling NbSyn87 to fluorescent proteins, which results in fluorescence signal fluctuations depending on the presence and amounts of intracellular hαSyn. We characterized this biosensor in cells and tissues, and finally, revealed the presence of transmittable αSyn in human cerebrospinal fluid demonstrating the potential of FluoReSyn for clinical research and diagnostics.
INTRODUCTION α-synuclein (αSyn) aggregation disorders including Parkinson's disease (PD), Lewy
Body Dementia and Multiple System Atrophy, are a group of disorders characterized by the pathological occurrence of intracellular inclusions filled with insoluble aggregates of αSyn. These aggregations can be found in various cell types and regions of the central nervous system 1, 2 . αSyn is a 140 amino acid long protein that is highly enriched in presynaptic nerve terminals 3 . Despite extensive efforts, the central molecular and physiological role of αSyn remains to be determined. Emerging evidence however, suggests αSyn to be involved in the regulation and possible maturation of synaptic vesicles 4 particularly via its role in the assembly of Nethylmaleimide-sensitive factor attachment receptor (SNARE) complexes 5 ; key players in synaptic vesicle docking and fusion with the presynaptic membrane.
Additionally, other functions have been attributed to αSyn including the regulation of glucose levels 6 , serving as an antioxidant 7 or a chaperone 8 , and suppressing apoptosis in dopaminergic neurons 9 .
Under normal physiological conditions, αSyn is found as a monomeric protein existing in equilibrium between an intrinsically disordered form in the cytosol and a membrane bound, α-helical form 10 . Although still subjected to debate 11, 12 , observation of helical αSyn tetramers has also been reported under certain native environments 13 .
It is widely accepted that arrangements of αSyn monomers into small-to-intermediate oligomeric or larger insoluble assemblies 14 is associated with pathogenesis of αSyn aggregation disorders 15, 16 . Importantly, there is growing evidence for prion-like cellto-cell transmission properties of different αSyn conformations where 'toxic' αSyn species with seeding properties are suggested to get internalized by a host cell and trigger the aggregation of endogenous αSyn [17] [18] [19] [20] [21] [22] [23] . There are nevertheless several assumptions, unknown molecular steps and contradictory observations that render the toxic transmission of human αSyn (hαSyn) an ambiguous notion. These mainly concern pinpointing of the disease underlying αSyn species (e.g. oligomers vs fibrils, phosphorylated αSyn, etc) [24] [25] [26] , mechanistic steps of the cell-to-cell transmission paradigm 11, 27 and the downstream effects of pathological αSyn accumulation that eventually lead to neuronal injury 28, 29 .
Development of tools that can be used for reliable and reproducible detection and tracking of αSyn in in vitro or in vivo is a very important goal for deciphering molecular mechanisms of disease pathogenesis. A common strategy employed in studies addressing the cellular uptake, seeding and transmission phenomena involve manipulation of the αSyn protein itself. Accordingly, αSyn is either pre-labeled with fluorescent dyes 18, [30] [31] [32] , or recombinantly expressed as a fusion protein. Concerning the latter, several different approaches are described which include tagging αSyn with a small epitope tag (e.g. myc, V5, etc.) for subsequent antibody-mediated immunodetection 18, 33 , expressing it as a fluorescent fusion protein (e.g. YFP-αSyn, DsRed-αSyn, etc.) for direct visualization [34] [35] [36] or employing the protein complementation assay principles whereby αSyn is tagged with either N-or Cterminal portions of a split fluorescent or bioluminescent reporter [37] [38] [39] [40] . Although they have proven to be very helpful in advancing the knowledge about synuclein-related pathologies, one common caveat in such approaches is their limited potential in recapitulating the natural behavior of untagged native αSyn. For example, it has been shown that fluorescent protein fusions might result in the wrong localization of the studied protein 41 or some organic dyes have a propensity to bind to biological membranes 42 . Considering that a critical role is attributed to the lipid interacting properties of αSyn in its pathological behavior 43 , the employment of untagged or native forms of αSyn may be a more appropriate strategy when attempting to investigate the molecular mechanisms of αSyn pathology. The detection of untagged, native or endogenous αSyn in in vitro or in vivo model systems requires the use of other tools. Certain dyes such as Thioflavin S, derived from the histological dye Congo red, have been commonly utilized for detecting mature protein aggregates in in vivo models of αSyn propagation and PD pathology 19, 44 . However, these dyes have the disadvantage of binding any protein capable of taking an amyloid conformation and thus do not provide an exclusive labeling of αSyn 45 . In contrast, antibody mediated immunodetection, is a conventional approach for specific detection of αSyn. Hereby, a large number of αSyn targeting antibodies, including conformation specific-ones and engineered antibody fragments are commonly utilized in a variety of applications 46, 47 . In the recent years, camelid-originated single domain antibodies, also termed nanobodies, emerged as a promising alternative as they confer several advantages including recombinant production, enhanced tissue penetration, high stability, ideal for super-resolution microscopy and the ability to be expressed as intrabodies in mammalian cells [48] [49] [50] . The latter feature is particularly attractive as it confers the ability to track and manipulate specific target proteins in living cells 51, 52 . Nanobodies are increasingly being used for investigation of diseases associated with protein misfolding and aggregation. Recently, two nanobodies against αSyn have been identified, NbSyn2 53 and NbSyn87 54 , each binding distinct epitopes at the C-terminal region of αSyn. These have been biochemically well characterized and assessed for their potential therapeutic use by several studies [53] [54] [55] [56] [57] [58] [59] [60] .
In this study, we make use of a previously unknown feature of NbSyn87, namely its weak affinity to the 26S proteasomal subunit protein Rpn10, which is located at the entrance of the proteasome 61 and functions as a receptor for polyubiquitinated proteins that will undergo proteolysis. We discovered that this interaction is sufficient to drive a continuous proteasome-mediated degradation of intracellularly expressed NbSyn87 unless it is bound to hαSyn. The presence of hαSyn, on the other hand, results in the avoidance of the degradation of NbSyn87 by formation of a stabilized NbSyn87:hαSyn complex. Accordingly, we exploited this mechanism to create and characterize a nanobody-based Fluorescent Reporter for human αSyn (FluoReSyn), that is able to report the presence or absence of cytosolic hαSyn. Our results demonstrate the unique ability of FluoReSyn to report small amounts of cytosolic hαSyn in cell lines and transduced primary rat hippocampal neurons. Expression of FluoReSyn in olfactory system of Xenopus laevis also showed its ability to operate and report hαSyn in vivo. Furthermore, cells stably expressing FluoReSyn (Reportercells) reported the presence of hαSyn in their cytosol after exposing them to human cerebrospinal fluid (CSF) samples. The results presented here indicate that this biosensor is a valuable instrument for studying the transmission of αSyn and has great potential to be further optimized and validated as a diagnostic tool for αSyn aggregation disorders. 
MATERIAL AND METHODS

Plasmid transfections and virus infections
Protein purification
Rpn10, hαSyn, hβSyn were produced using NEB® Express Competent E. coli (New England BioLabs Inc., Ipswich, Massachusetts, USA). Bacteria were grown overnight with the plasmid of interest in Lysogeny Broth (Sigma-Aldrich) and the respective antibiotics. Next day, cells were further cultured in Terrific Broth (Sigma-Aldrich) and antibiotics until OD was ~2-3 at 37°C and induced with 0.8 mM IPTG for 4 h. After adding 5 mM EDTA, cells were harvested by centrifugation at 4,000 rpm for 30 min at 10°C and frozen at -20°C until further processing. Pellets were resuspended on ice with 1 mM DTT, 25 mM Imidazole and 1 mM PMSF in a His-binding buffer (50 mM HEPES pH 8.0, 500 mM NaCl, 5 mM MgCl2 and 10% glycerol) and bacteria were lysed by sonication on ice. Cell debris was separated by centrifugation at 11,000 rpm for 1 h at 4°C. Clear supernatant was incubated with 2 ml of pre-equilibrated Nibeads (cOmplete™ His-Tag Purification Resin, Roche, Switzerland) for 1 h and then transferred to a sigma column to be washed consecutively with His-binding buffer (50 mM HEPES pH 8.0, 1000 mM NaCl, 10 mM MgCl2, 25 mM Imidazole and 5% glycerol) and low-Salt-pH buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5 mM MgCl2, 25 mM Imidazole, 5% glycerol) with each of them containing 25 mM Imidazole.
Finally, protein was eluted by 500 mM Imidazole and His-Tag was cleaved with SUMO protease and removed by reverse binding to nickel beads. Pure proteins were desalted into PBS, purity was confirmed by PAGE and concentrations were determined using nanodrop spectrophotometer considering the protein molecular weight and extinction coefficient.
NbSyn87 coupling to Alexa647 fluorophore
NbSyn87 protein was obtained from a custom production service offered by NanoTag Biotechnologies GmbH (Göttingen, Germany), and the nanobody was equipped with one ectopic cysteine at its C-terminal. 1 mg of pure NbSyn87 was reduced by adding TCEP (Sigma Aldrich) to a final concentration of 5 mM for 1 h on ice. The reduced sample was then desalted using gravity columns Nap10 (GE Healthcare Life Sciences) in nitrogen bubbled PBS (pH 7.4) and immediately added to 10 molar excess of maleimide-functionalized Alexa647 (Thermo Scientific) for 1 h on ice.
Excess of free dye was separated from the conjugated nanobody with an Äkta HPLC equipped with a Superdex 75 increase column (GE Healthcare Life Sciences).
Generation of hαSyn fibrils
hαSyn was expressed recombinantly in E. coli and purified as previously described 62 .
Monomeric hαSyn in 50 mM HEPES, pH 7.4, 100 mM NaCl and 0.02% NaN3 was 
CSF samples
Study participants consisted of individuals who were in treatment at the Paracelsus Elena Klinik, Kassel, Germany and had been diagnosed with a variety of neurological disorders non-related to αSyn aggregation disorders. The study cohort consisted of 23 females and 19 male individuals with a mean age of 70,95±1,51. For a detailed presentation of demographic and clinical features of participants please see Supplementary Table 1 . CSF samples from all individuals were collected at the Paracelsus Elena Klinik in accordance with the principles of Declaration of Helsinki and following identical standard operating procedures. Briefly, CSF was collected by lumbar puncture in the morning with fasting patients in a sitting position. The samples were centrifuged at 2000 g for 10 min at room temperature (RT). Aliquots of the supernatants were frozen within 20-30 min and stored at -80°C until their use. A total cell count was established in tube 1 (2 mL). Samples with erythrocyte counts greater than 50 cells per μL CSF in tube 1 were excluded from all analyses. The use of the CSF samples in this study was approved by the ethical committee of the Medical Center Göttingen with the approval numbers 36/7/02 and 9/7/04.
Cell lines
Wildtype HEK293 were grown in DMEM supplemented with 10% FBS, 4 mM Lglutamine and 600 U/ml penicillin-streptomycin (Lonza). Reporter-cells (HEK293 stably expressing TetON-NbSyn87-EGFP-P2A-mCherry) and hαSyn-cells (HEK293 stably expressing TetON-hαSyn) were grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine supplemented with 0.5 µg/ml puromycin (InvivoGen, San Diego, CA, USA). Both, Reporter-cells and hαSyn-cells were produced by Sirion Biotech GmbH (Martinsried, Germany). TetON Induction was performed using 0.5 µg/ml doxycycline (Sigma-Aldrich, St. Louis, MO, USA) at least 12 h before their use.
Primary hippocampal neurons
The primary rat hippocampal neuron cultures were cultured with minor modifications from the original protocol 64 . Postnatal (P1-P2) pups from Wistar rats were decapitated and the brains were extracted. The hippocampi were isolated, washed in Cells were fixed 14 h later for imaging and evaluation.
Detection of hαSyn species in CSF samples
Wildtype HEK293 and Reporter-cells were seeded (~14,000 per well) and induced in a PLL-coated 96-well plate with glass bottom (SensoPlate, Greiner Bio-One International GmbH, Kremsmünster, Austria). After 24 h of induction, the cells were exposed to CSF samples. Briefly, the medium was partially eliminated leaving 25 µl per well, and supplemented with 50 µl of CSF or culture medium as negative control.
Cells were further incubated for 24 h and then fixed by adding 4% paraformaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4; pH 7.4) overnight at 4°C, aldehyde groups were quenched with 0.1 M NH4Cl for 15 min and images were acquired.
Immunostaining
Cells were briefly washed with DPBS (Reporter-cells) or Tyrode buffer (primary rat hippocampal neurons), fixed with 4% paraformaldehyde in PBS for 30 min at RT. 
Plasmid electroporation of Xenopus laevis tadpoles
All procedures for animal handling were approved by the governmental animal care and use office (Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit, Oldenburg, Germany, Az.12/0779) and were in accordance with the German Animal Welfare Act as well as with the guidelines of the Göttingen University Committee for Ethics in Animal Experimentation.
Xenopus laevis tadpoles (albinos, stage 53 according to Nieuwkoop and Faber, 1994 65 ) were used for the in vivo experiments. Injection micropipettes were pulled from borosilicate microcapillaries (Warner instruments; outer diameter: 1.0 mm, inner diameter: 0.58 mm, length 100 mm) using a horizontal puller (P 1000, Sutter Instruments). Micropipette tips were sharpened at an angle of 20-30° until the pipette tip had a syringe-like shape (Micropipette Beveler 48000; World Precision Instruments). Micropipettes were filled with 3 µl of plasmid solution/s (600 ng/µl).
Cascade blue dextran (3 mM, 10%, Thermo Fisher) was added to the plasmid solution before to be able to observe dye extrusion under fluorescent illumination.
Albino tadpoles were anaesthetized in 0,02% MS-222 (ethyl 3-aminobenzoate methanesulfonate; Sigma-Aldrich; pH: 7.6) for 5 min until complete immobility and irresponsiveness. Subsequently, the animal was transferred to a moistened dish under a stereomicroscope with brightfield and fluorescent illumination (Olympus SZX16; light source: X-Cite Series 120 Q, Lumen dynamics). The glass pipettes filled with plasmid solution/s were mounted to a micromanipulator connected to a FemtoJet injection system (Eppendorf). The micropipette was carefully penetrated into the olfactory mucosa at three to five different locations without injuring major arteries. Up to five pressure pulses of 250 to 1000 hPa (1 s each) were applied per site. Once homogenous blue fluorescent signal was visible throughout the olfactory mucosa, an external electric field was applied to the olfactory mucosa using an electroporation setup as previously described in detail 66 . One of the 0.2 mm platinum wire electrodes was positioned in the water-filled nostril, the other one in contact to the skin, laterally to the olfactory nerve. Trains of 3 square pulses (20 V, 500 ms duration and 25 ms delay) were applied four times in alternating polarity (ELP-01D, NPI Electronics; additional capacitor connected in parallel: Domoport, 3 µF). The entire procedure was performed in less than 5 min to grant proper anesthesia and avoid dissipation of plasmid solution before electroporation. Following electroporation, animals were put into water until they woke from anesthesia. After assessment of normal swimming the larvae were left in their aquaria to recover for at least 24 h. Individual nostrils were electroporated sequentially, with a 1 h recovery period in between. We injected and electroporated two plasmids in the left nostril:
one expressing FluoReSyn and the other hαSyn, both under the CMV promotor. In the right nostril, only the FluoReSyn-expressing plasmid was electroporated.
Imaging
Conventional epifluorescence images of the Reporter-cells were obtained with an Olympus IX71 microscope equipped with a 0.5 NA/20x dry UPlanFL N objective and captured with an Olympus F-View II CCD camera (Olympus, Hamburg, Germany). 
In vivo multiphoton imaging of the Xenopus olfactory system
For in vivo imaging, we anesthetized the electroporated tadpoles in 0,02% MS-222 (ethyl 3-aminobenzoate methanesulfonate; Sigma-Aldrich; pH: 7.6) for 5 min until complete irresponsiveness. The animals were placed into a recess of a silicone-filled recording chamber. The chamber was filled with water and the animal was mechanically fixed using parafilm. A small window was cut into the parafilm to expose the olfactory organs. Both nostrils were imaged under a two-photon microscope (Nikon A1R MP) at an excitation wavelength of 920 nm. All animals (n=9) and nostrils were imaged as 3D image stacks under the same gain and laser settings, to compare fluorescence intensities of the FluoReSyn. The imaging procedure did not last longer than 10 min and animals were transferred to a big water filled beaker until they recovered from anesthesia.
Cell lysate preparation
Reporter-cells were washed briefly with ice-cold DPBS and lysed with 50 µl of lysis buffer per well (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5% IgePAL, 0.5% Sodium deoxycholate and freshly added 250 µM PMSF, 10 ng Leupeptin, 10 ng Aprotinin, 1 ng Pepstatin A, 10 ng DNase und 1 µl Halt® Protease Inhibitor Cocktail; Thermo Fisher Scientific). Cell lysates were collected into a pre-cooled tube and were centrifuged for at least 1 h at 13,200 rpm at 4°C. The supernatant was collected into two tubes, snap-frozen with liquid nitrogen and stored at -80°C until needed.
Western blotting
Reporter-cell lysates were thawed on ice and diluted accordingly to their total protein (determined using BCA assay (Merk)) to load the same total protein concentration in each lane. Samples were mixed with pre-heated 5x Laemmli buffer (50 mM Tris-HCl, 4% sodium doedecyl sulfate (SDS), 0.01% Serva Blue G, 12% glycerol, pH 6.8, 
Dot-Blot
Proteins were serial diluted in washing buffer (0.05% Tween®20 in PBS) and spotted on a nitrocellulose membrane. After the membrane was dried, it was blocked with 2% FBS or BSA, 5% Nonfat Dried Milk, 0.05% Tween®20 in PBS for 1 h under agitation.
This was followed by incubation with the fluorescently-labeled nanobody NbSyn87-Alexa647 for 1 h. Unbound nanobodies were washed away by several thorough washing steps with 0.05% Tween®20 in PBS for a total duration of 1 h. Finally, images of the membranes were taken with an Amersham Imager 600 (GE Healthcare Life Sciences, Little Chalfont, UK) to detect the NbSyn87-Alexa647 signal.
Data analysis and statistics
Image analyses of experiments presented in Figures 1, 2 
RESULTS
Reporting the presence of untagged hαSyn in the cellular cytosol
We had previously observed in cells transiently expressing the NbSyn87 54 fused to EGFP that their fluorescent signal correlated with the presence or absence of hαSyn ( Figure 1a ). In an attempt to comprehend this observation, we used the Basic Local Alignment Research Tool (BLAST 69 ) to find out if the described hαSyn epitope sequence (VDPDNEAYEMPS 54 ) that is recognized by the NbSyn87 might be present in another endogenous protein. The BLAST result showed a high % identity ( Figure  1b ) to a subunit of the 26S proteasome (the 26S proteasome non-ATPase regulatory subunit 4 homolog, also known as Rpn10). This protein resides at the entrance of the 26S proteasome 61 and plays an important role in the recognition of poly-ubiquitinated proteins that will be processed in the ubiquitin proteasome-mediated proteolysis (UPP) 70 . Using a dot-blot assay with purified Rpn10 and hαSyn, we were able to verify that the NbSyn87 can bind weakly to human Rpn10 (Supplementary Figure 1a,   b ). Therefore, taking our results together, we hypothesized that the degradation of NbSyn87 in the absence of hαSyn may be mediated by its weak but continuous recruitment to the proteasome upon binding the endogenous Rpn10 (Figure 1c) .
In order to test our hypothesis and further characterize NbSyn87 in terms of this special feature, we decided to generate a stable cell line expressing NbSyn87 fused to EGFP and have mCherry signal as an expression reporter using the self-cleavable domain T2A 71 (Figure 1d ). In addition, we added a NLS sequence at the C-terminus Figure   1f and Supplementary Figure 1d ). Doxycycline-induced cells that were not transiently transfected with hαSyn displayed the mCherry reporter signal but no EGFP signal ( Figure 1d ). Therefore, we termed the NbSyn87-EGFP-NLS construct as the . While the former group of cells showed minimal fluorescence, the latter presented with a strong EGFP signal. (b) Alignment of the amino acid sequence from hαSyn and Rpn10 across different species. Rpn10 residues similar to hαSyn in the putative epitope are displayed in red. (c) Schematic representation of the proposed mechanism of degradation versus stabilization of SynNb87-EGFP in the presence or absence of hαSyn. The following Protein Data Bank (PDB) accession numbers were used and modified to assemble the schematic: 2Y0G (EGFP), 2X6M (Nanobody), 1XQ8 (hαSyn), 6MSK (Proteasome). (d) Schemes of constructs used to transfect HEK293 cells (left). For the stably transfected cells, a tetracycline inducible promotor (TetON) was used, followed by a mCherry reporter sequence, a cleavable T2A sequence, and FluoReSyn made of NbSyn87, EGFP and a NLS sequence. Transient expression of untagged wildtype human hαSyn was driven by a plasmid containing a cytomegalovirus (CMV) promotor. Equally scaled, representative images of doxycycline induced Reporter-cells (right). Cells were either mock transfected (control) or transiently transfected with the hαSyn expression constructs. Supplementary Figure 1d .
Proteasome-mediated degradation of FluoReSyn in the absence of αSyn
In order to validate our proposed mechanism for the degradation of FluoReSyn, we treated doxycycline-induced Reporter-cells (without expressing hαSyn) over different time periods with the MG132 proteasome inhibitor. MG132 concentration was optimized to provide a strong gain of EGFP and mCherry signal while minimizing its adverse toxic effects on the Reporter-cells (Supplementary Figure 2) . The results clearly showed that, following treatment with 1 µM of MG132, FluoReSyn started to accumulate in the nuclei of Reporter-cells already from the 4 th h on without the presence of hαSyn (Figure 2a, b) . Induced Reporter-cells untreated with MG132, showed in contrast virtually no FluoReSyn signal throughout the whole duration (Figure 2a, b) . These suggested that the reporter is regularly produced but also continuously degraded via the proteasome in the cell (fast turnover) under normal conditions. The mCherry and FluoReSyn are produced from a single mRNA, making a fusion protein that is efficiently cleaved at the T2A domain 71 . It is expected that this strategy results in stoichiometric amounts of FluoReSyn and mCherry, which allowed us to normalize the signal of FluoReSyn with the mCherry signal. In induced Reporter-cells untreated with MG132, the relation of FluoReSyn to mCherry signal was maintained during the 16 h experiments (Figure 2c ). However, when using MG132, already after 2 h, the ratio between FluoReSyn signal and mCherry doubled and kept growing over time, showing that the accumulation of FluoReSyn exceeds that of mCherry and that the former gets particularly enriched in the Reporter-cells when the proteasome machinery is inhibited (Figure 2c ). This observation suggests that the proteasomal degradation is particularly accelerated for FluoReSyn under normal conditions (uninhibited proteasome machinery), and thus substantiates our proposition that the nanobody NbSyn87 specifically targets the proteasome and is degraded by it. 
FluoReSyn reports hαSyn in vivo
As Rpn10 is a well conserved protein across different species (Figure 1b ), we presumed that our proposed mechanism should also operate in a model organism that lacks endogenous hαSyn and possesses the conserved Rpn10 epitope recognized by NbSyn87. Accordingly, we chose to validate the proposed mechanism in living Xenopus laevis tadpoles, a time-and cost efficient model organism 72 .
Xenopus laevis expresses endogenously the same Rpn10 epitope needed for
FluoReSyn to operate and offers a straightforward electroporation-mediated approach for gene delivery to the olfactory receptor neurons in the olfactory epithelium of living animals 73 (Figure 3a, b) . Accordingly, the plasmid encoding for FluoReSyn was electroporated either alone or together with a plasmid encoding for hαSyn fused to mCherry into the right or left nostrils of anesthetized tadpoles, respectively. By in vivo imaging of tadpoles with 2-photon microscopy we observed many GFP-positive nuclei co-localizing with the mCherry signal (hASyn) in the left nostrils of the animals (Figure 3c , e, g, high magnification example on 3j) which was clearly in contrast with the right nostrils presenting seldom any GFP-positive nucleus (Figure 3d, f, h) . Analysis of the distribution of GFP fluorescence intensity further confirmed the clear distinction between left and right nostrils (Figure 3i ). Altogether, this data further validated our previous conclusions by demonstrating that the same mechanism seems to be operational in vivo whereby FluoReSyn is stabilized upon hαSyn binding and cleared from the cell by proteasome-mediated degradation in the absence of this interaction. The specificity of the FluoReSyn for hαSyn.
As a next step, we assessed whether FluoReSyn binds specifically to human αSyn or has an affinity towards other synuclein species. For this purpose, Reporter-cells were transiently transfected with plasmids encoding for hαSyn, human ßSyn (hßSyn) or rat αSyn (rαSyn). We analyzed the proportion of cells with a positive EGFP signal by epifluorescence microscopy (Figure 4 ). The expressions of the different synuclein species were controlled by immunostaining with an antibody that recognizes all transfected variants. While no significant differences were observed among the different synuclein species in terms of their expression ( Supplementary Figure 3a) , only in hαSyn transfected Reporter-cells a substantial proportion of the cells were positive for the FluoReSyn signal (Figure 4b ). This result, therefore, proposes that FluoReSyn binds primarily to human αSyn. It is important to note that the epitope sequence of the hαSyn recognized by NbSny87 has a great identity with the rαSyn sequence with the epitopes differing from each other only by two residues ( Supplementary Figure 3b) . It is noteworthy, that FluoReSyn seems to bind with higher affinity to Rpn10 than to the rαSyn. 
Detection of hαSyn uptake from the culture medium by Reporter-cells
In relation to the pathological αSyn transmission phenomenon 11 , we evaluated the ability of FluoReSyn to report the entry of foreign hαSyn into the cellular cytosol. For this purpose, purified recombinant hαSyn was administered to the culture mediums of induced Reporter-cells either on its own or in a mixed state with a cationic liposome reagent (i.e. RNAiMAX) to enhance the protein uptake as suggested previously 74, 75 .
We observed that, if hαSyn was associated with RNAiMAX, it manages to get into the cytosol and stabilize FluoReSyn as evidenced by the accumulated EGFP signal in the nucleus ( Figure 5 ). On the other hand, administrating hßSyn associated with RNAiMAX or just naked hαSyn generated only background levels (i.e. induced Reporter-cells not exposed to anything) of EGFP-positive cells, which suggests that hαSyn on its own failed to go across the cell plasma membrane efficiently.
Subsequently, we set up a co-culture of Reporter-cells and HEK293 cells stably expressing untagged and wildtype hαSyn under an inducible promotor (TetON-hαSyn cells; Supplementary Figure 4 ) to investigate if mammalian produced hαSyn was able to leave the cells and then enter into the neighboring Reporter-cells. As a control condition, Reporter-cells were co-cultured with wild type HEK293 cells which lack endogenous hαSyn expression. The analysis of co-cultures maintained for 2 to 5 days revealed no significant differences between the test and control groups failing to confirm the occurrence of any hαSyn transmission events between the hαSyn producing cells and the Reporter-cells (Supplementary Figure 5 ). Based on our previous observations with the Reporter-cell line, we also administered the synuclein species pre-mixed with the cationic lipid RNAiMAX (Figure 6a, c) . The results revealed a higher proportion of neurons with FluoReSyn positive-nuclei when hαSyn monomers were pre-mixed with RNAiMAX and added to the culture medium (Figure 6a, c) . It was interesting to observe that both, the naked monomers ( Figure   6b ) and those complexed with lipids ( Figure 6c ) are able to go across the neuron plasma membranes. This is clearly different to the HEK293-based Reporter-cells which displayed internalization of hαSyn only when complexed to cationic lipids ( Figure 5b ).
Utilization of liposomal vehicles did not influence the outcome for fibrils and similar to the previous observation with uncoated fibrils (Figure 6b ), no FluoReSyn signal was detected in neurons exposed to RNAiMAX-hαSyn fibril complexes (Figure 6c ).
Importantly, we confirmed that NbSyn87 can bind our hαSyn fibrils 54 , thereby excluding that the negative observations were merely an outcome of FluoReSyn's inability to detect our fibrils (Figure 6d ). 
Detection of hαSyn in CSF samples
Confident that FluoReSyn can reliably report cytosolic hαSyn, we decided to evaluate the ability of the Reporter-cells to detect hαSyn species in human originated biological samples. The main rationale here was to explore the potential usability of this cellular system for future diagnostic purposes. Therefore, we exposed induced Reporter-cells cultured on a 96-well plate, to CSF samples from 42 individuals diagnosed with variable neurological disorders, that were unrelated to αSyn aggregation disorders. Reporter-cells not exposed to CSF, as well as wildtype HEK293 cells exposed and not exposed to CSF, were used as negative controls.
Cells were fixed 24 h post treatment and dozens of images of randomized and nonoverlapping locations were automatically acquired per well (Figure 7a ). Data analysis showed a small but clear trend of positive Reporter-cells that were incubated with human CSF (Figure 7b ). As controls, Reporter-cells not exposed to CSF or wildtype HEK293 cells (not producing any FluoReSyn chimera) incubated with or without CSF, all displayed background levels of positive signal (Figure 7b ). This observation reassured that the small percentage of positive Reporter-cells observed upon CSF exposure is a specific and trustworthy response to some forms of hαSyn present in human CSF that can reach the cytosol of our model Reporter-cells. Altogether, this result not only suggests that human CSF may indeed contain a transmittable form of αSyn that is capable of entering into cells but also opens the possibility to optimize this system for generating a unique cell-based diagnostic tool for αSyn-associated disorders. Reporter-cells or wildtype HEK293 cells (control), were seeded onto glass bottom 96-well plates. FluoReSyn expression was induced by doxycycline for 24 h before they were exposed to human CSF or culture medium (control) for another 24 h. Finally, cells were fixed and ~20 images of random and not overlapping locations were acquired automatically per well. The CSF from each patient was used at least in 3 different wells. (b) Quantification of cells with positive FluoReSyn signal. In total, results represent data from 126 wells of Reporter-cells receiving CSF samples from 42 individuals in technical triplicates, 102 negative control wells with Reporter-cells receiving culture medium, 15 wells of HEK293 cells receiving CSF samples from 5 individuals in technical triplicates and 36 wells of HEK293 cells receiving culture medium, ***p<0.001.
DISCUSSION
Here we present for the first time a unique feature of the NbSyn87, namely, its natural tendency to bind to the proteasomal subunit Rpn10 that leads to its own degradation and eventual clearance from the cell cytoplasm in the absence of hαSyn.
This special feature allowed us to develop FluoReSyn, the nanobody based fluorescent reporter for hαSyn, which is capable of detecting the presence or absence of hαSyn in the cellular cytoplasm. Furthermore, our Reporter-cells stably expressing FluoReSyn were able to detect a transmittable form of hαSyn present in human CSF.
Uptake of toxic αSyn species by cells and their subsequent intracellular trafficking is a crucial part of the proposed αSyn transmission pathology 27 . Accordingly, we first characterized and assessed the potential of FluoReSyn Reporter-cells to be used as a research tool for investigating the transmission phenomenon. Our results after introducing recombinant αSyn to the culture medium suggested that the Reportercells could reliably report the uptake of extracellular αSyn. Similar to other reports 75, 77, 78 , we did not detect direct cytoplasmic internalization of naked monomeric hαSyn by the Reporter-cells (derived from HEK293 cells). We rather observed that the cytosolic uptake required assistance with lipid-based elements as also had been shown in other studies 75, 78 . Different from the HEK-based Reportercells, we observed that entry of naked recombinant αSyn monomers into primary neurons expressing FluoReSyn is more likely to occur, and lipid-based facilitating agents like the RNAiMAX make the entry process even more efficient. These observations expose the influence of the cellular context on the translocation of αSyn from the extracellular to the intracellular space (e.g. requirement of distinct receptor interactions or membrane translocators for αSyn 27 ) and can be interpreted as a reflection of the neuronal nature of αSyn transmission pathology. In line with this interpretation, we did not observe a transmission event when HEK293-based cells stably transfected with hαSyn were co-cultured with the Reporter-cells. On the other hand, these transmission events might be highly dependent on the concentration of hαSyn and duration of exposure. With our set-up we could not employ higher concentrations of hαSyn in order to avoid toxic effects to the cells and furthermore, we were limited in terms of exposure durations as a longer maintenance of dividing cells in culture became difficult after several days.
In the current study, we were unable to detect any fibril entry to the cytosol of FluoReSyn transduced neurons, suggesting that while monomers might pass directly through the plasma membrane, the uptake of larger arrangements like oligomers, fibrils or aggregated αSyn might be mediated by regular endocytosis 27, 30, 79 . In this case, FluoReSyn would not detect compartmentalized αSyn in endocytosed vesicles unless αSyn finds a way to escape into the cytosol. In line with our observations, it has been recently shown that αSyn fibrils that were internalized by cultured primary neurons remained confined to endo-lysosomal compartments up to seven days without a major escape from the endocytic pathway 80 . On the other hand, it is known that preparation and incubation conditions (e.g. pH, salinity, temperature, presence of modulators) have profound influence on the end-conformation and morphology of recombinant fibrils 62 . This variability probably also propagates to different in vitro and in vivo functional properties 25, 81 . Therefore, it may as well be that the observations in the current study are attributable to the distinct properties of the hereby employed αSyn fibrils or culture conditions. Our results demonstrated that the FluoReSyn works both in a cell line and primary neurons, and can report the uptake of untagged αSyn. Introducing recombinant or tissue derived αSyn extracellularly to in vitro cell cultures is a common approach for investigating the internalization and subsequent seeding activities of αSyn in the context of transmission paradigm 31, 32, 82 . However, the readily available cellular models and tools are generally limited in terms of offering an unambiguous and spatially resolved discernment of internalized αSyn from the extracellularly applied αSyn seeds 80 . Therefore, there is a necessity to develop novel tools that would enable selective visualization of internalized αSyn and deliver a quantitative characterization of αSyn uptake phenomenon 80 . In a recent study where neuronal cultures were exposed to GFP-labeled αSyn fibrils, a membrane-impermeable fluorescence quencher dye was used to exclusively quench the fluorescence of extracellular fibrils thus enabling the selective imaging of only internalized seeds 80 .
Similarly, we propose that, FluoReSyn is an optimal tool for this purpose as it can exclusively detect cytosolic αSyn. Furthermore, our approach avoids the necessity of employing tagged or covalently-conjugated forms of αSyn which as discussed previously may not recapitulate the normal behavior of native, untagged αSyn.
Our data suggest that FluoReSyn is a useful research tool not only for neuronal cultures, but also for in vivo set-ups, the ease of its use shown by our experiments in Xenopus Laevis. Besides, the FluoReSyn's specificity to hαSyn would be of advantage when studying hαSyn transmission in animal models (e.g. mice, rat) as any interference from endogenous αSyn present in rodents can be avoided.
As a next step in further characterizing the cellular reporter system, we evaluated its ability to detect human-originated αSyn with the future perspective of developing it further into a diagnostic tool [83] [84] [85] [86] . Here, we used CSF samples from a readily available cohort of individuals (42) . The results showed that our Reporter-cells could indeed detect specific species of αSyn in human CSF which are able to enter into their cytoplasm. Considering our observations with recombinant αSyn monomers that required a lipid coating agent for entering the Reporter-cells, it is plausible that the αSyn molecules we detected in CSF samples were in vesicular structures such as exosomes as already suggested by others 87, 88 , or were species other than monomers, such as oligomers with different means of entering the cells [89] [90] [91] [92] .
The presence of αSyn in CSF can be measured biochemically, and many efforts have been directed at developing assays for detection of CSF-originated αSyn as a biomarker [93] [94] [95] . It is important to emphasize that our system provides extra information by detecting hαSyn forms that are able to get into the cytosol of cells. Therefore, it is plausible that we are detecting the species that are more prone to transmission related pathology. This is particularly relevant in the light of emerging evidence which suggests that particular species of αSyn (e.g. oligomers, aggregates) that are associated with toxicity can serve as far-better biomarkers than total αSyn in CSF 94 .
Based on our initial results, showing that the FluoReSyn signal strength is determined by the amount of αSyn, it is reasonable to presume that the variable EGFP signal intensities in the CSF analysis reflect the inter-individual differences in physiological αSyn concentrations of the study participants. This was a fascinating first proof-of-concept and to the best of our knowledge, our cellular hαSyn Reporter set-up is so-far the sole approach developed for detection of transmittable hαSyn species in human body fluids. We believe that major optimizations can be performed to the hereby presented system (e.g. using a faster maturing and brighter EGFP variant, tuning biochemically the FluoReSyn sensitivity, destabilizing the antigen unbound NbSyn87 96 and generating a neuron-based Reporter-cells) to achieve quantitatively more sensitive read-outs which would in turn pave the way for development of an accurate and reliable diagnostic or prognostic tool for α-synuclein aggregation disorders.
